Luan and Eickbush, 1995
. the Tad1 clade . We proposed that The current mechanistic model for LINE retrotranspoa LINE-encoded RT recognizes the 3Ј tail of a SINE in sition originated from work by Eickbush and coworkers a manner similar to that for a LINE (Ohshima et al., 1996 ; on the insect R2Bm element that mobilizes to a specific Weiner, 2000) . Interestingly, however, position within the 28S rRNA gene (Luan et al., 1993;  for human L1 there is no such 3Ј sequence requirement during retrotransposition (Moran et al., 1996) . From this observation, we proposed that LINEs be classified into UnaL2 most likely mobilizes by a TPRT reaction. UnaWe provide convincing evidence for the requirement of the 3Ј conserved tail of eel LINE during its retrotransposi-SINE1 comprises ‫003ف‬ bp that do not encode protein ( Figure 1A ). UnaSINE1 is a tRNA-derived SINE (M.K. tion; we further show that the 3Ј tail of UnaSINE1 as well as that of UnaL2 can be recognized by the UnaL2 and N.O., unpublished data; Okada and Ohshima, 1995) . Since UnaL2 and UnaSINE1 share a similar 3Ј tail seretrotransposition machinery in trans. Our data also suggest that the mechanism of reverse transcription of eel quence of ‫06ف‬ bp ( Figure 1A ), UnaL2 appears to belong to the stringent group. The UnaL2 sequence contains a LINE during retrotransposition resembles that of telomere synthesis.
putative poly A signal. The 3Ј ends of both UnaL2 and UnaSINE1 contain the same pentanucleotide repeat G-418 R colonies were observed using the negative control plasmid L1 pJM105 containing a missense mutation [TGTAA] n (usually n ϭ 3), and these 3Ј ends can potentially form a stem-loop structure ( Figure 1A) . in the RT domain of ORF2 (Moran et al., 1996) . Retrotransposition frequency fell to Ͻ 0.5 when one of three mutated constructs was assayed (RTm-60, containing
Retrotransposition of UnaL2 in HeLa Cells
To examine the mechanism of retrotransposition of a D694Y mutation in the UnaL2 RT gene as in plasmid pJM105; ENm-1, containing a E73A mutation in the UnaL2, we constructed a UnaL2 expression plasmid containing a reporter cassette (designated mneol; FreeUnaL2 EN gene; or a UnaL2 construct (4-5) containing a 3Ј tail deletion; Figure 2A ). These results show that man et al., 1994; Moran et al., 1996) Moran et al., 1996) . These comparable values indisequence, indicating that reverse transcription of UnaL2 RNA starts from the repeat (also see Figure 7 ). Integrated cated that our system functioned as expected. No Since the 3Ј tail of UnaL2 is required for retrotransposiof less than 10% relative to wild-type. tion, we examined the sequence requirements of this region by making mutants and calculating retrotranspoUnaL2 RT Recognizes the UnaL2 3 Conserved Tail Region in trans sition frequencies as shown in Figure 3 . Six mutants (stem1-1, 1-2, 1-3, 1-4, 2-1, and 2-2) were generated to We constructed two plasmids to examine whether UnaL2 RT recognizes the 3Ј sequence required for retrotest the requirement for the predicted stem structure. These mutations abolished or substantially reduced transposition in trans ( Figure 4A ). One plasmid (pUR8) contained the entire UnaL2 without the retrotransposiUnaL2 retrotransposition activity. Mutants containing an ). These data demonstrate that, although there is cis-preference in retrotransposition in general, UnaL2 mid contained the hygromycin resistance gene (Hyg). The two plasmids were cotransfected into HeLa cells exhibits unexpectedly high trans retrotranspositional efficiency. Interestingly, the UnaL2 element of plasmid and double-selected for these plasmid-specific markers. Subsequently, cells containing both plasmids were RTm-60, which contained a missense mutation within RT, was not efficiently retrotransposed in trans by the selected again for G-418 resistance to identify cells in which the test sequence was recognized in trans by RT.
intact UnaL2 of pUR8 ( Figure 4A ). In contrast, the mneol plasmid containing the 3Ј UTR or the 3Ј conserved region Various portions of UnaL2 were used as test sequences. The results indicate that the 60 bp 3Ј conserved tail of of UnaL2 was efficiently retrotransposed in trans. The UnaL2 RNA transcribed from RTm-60 might be bound UnaL2 is necessary and sufficient for efficient retrotransposition in trans ( Figure 4A , UnaL2 3ЈUTR, and UnaL2 at its 3Ј conserved region by the RT-mutated protein that is expressed from the same plasmid. This association Tail). The trans retrotransposition of UnaL2 Tail was abolished by a missense mutaion in the RT or EN gene might interfere with the binding of intact UnaL2 protein to the 3Ј conserved region of UnaL2 RNA in trans, and of UnaL2 of pUR8 ( Figure 4A , pUR8/ENm and pUR8/ RTm). These results show that both the RT and EN activithus reduce the trans retrotransposition frequency. Mutations were also introduced into the 3Ј conserved ties of UnaL2 are also required for retrotransposition in 
Analysis of the 3 Terminal Repeat Requirement
‫.)7ف1‬ Only one mutant (repran-7) had no retrotransposition activity. All other mutants exhibited measurable for Retrotransposition As demonstrated above, the 3Ј [TGTAA] n repeats of activity, indicating that the sequence itself is less important than the presence of a repeated sequence itself. UnaL2 are required for UnaL2 retrotransposition ( Figure  3, no-rep) . To further understand the requirement for There was, however, a clear difference in efficiency among these repeats. Of the 11 mutants with measurthese repeats, we constructed several mutant repeats and determined their retrotransposition efficiencies. The able activity, seven mutants (repran-2, repran-3, repran-4, repran-5, repran-6, polyA-1, and telo-1) exhibited only mutant with one repeat (rep1) showed no significant retrotransposition activity, but mutants with two or more nominal frequency (0.4-3.8% of wild-type) while the remaining four mutants (repran-1, repsine-1, repsine-2, repeats showed considerable activity, and retrotransposition efficiencies correlated roughly with the number of and telo-2) exhibited higher frequencies (12.9 to 34.7% of wild-type). Interestingly, among these four mutants, repeats ( Figure 6A ). These data indicate that the repeated element is important for retrotransposition. The two mutants contained the 3Ј repeats of SINEs other than UnaSINE1 (repsine-1 and repsine-2) and one muimportance of the nucleotide sequence of the repeats was also examined using [TGTAA] sequence mutants tant contained the template sequence of human telo-
meres (telo-2). (Figure 6B). Of 12 such mutants excluding wild-type (rep3) and a mutant with no repeat (no-rep), 3 mutants contained the 3Ј terminal repeats of specific SINEs or
Alteration of the 3 End Repeat of UnaL2 During Its Retrotransposition LINEs other than UnaL2 or UnaSINE1 (repsine-1, repsine-2, and polyA-1), and 2 mutants contained the temTo examine the requirement of repetition of the 3Ј end repeat, we determined the genomic sequences in the plate sequence of Tetrahymena or human telomere RNA (telo-1 and telo-2, respectively) . The other seven muregion of the 3Ј tail repeats of the retrotransposed copies of rep1 and rep2 mutants ( Figure 7A ). Upon retrotranstants contained random 3 bp or 5 bp repeats (repran- Step 1, transcription of UnaL2;
Step 2, initiation of the reverse transcription using the first repeat as template and the 3Ј-OH of DNA as primer; Step 3, template slippage;
Step 4, reinitiation of reverse transcription;
Step 5, template slippage; Step 6, reinitiation of reverse transcription; Step 7, integration of the synthesized copy of UnaL2 DNA into the host genome after the completion of reverse transcription. position, one copy of the 3Ј end repeat in rep1 mutant repeats. In the fourth locus, the mutated nucleotide was found in the third of the four repeats. In the repmut-2 generated two unusual 3Ј tail repeats that were probably synthesized from one [TGTAA] repeat of rep1 and its mutant, one additional nucleotide was introduced between the first and second repeats. The introduced nudownstream vector sequence ( Figure 7A , double underlined sequences). In the case of rep2, the number of the cleotide was copied between the first and second repeats and also between the second and third repeats 3Ј end repeats appears to increase. These alterations might be caused by the slippage reaction during the in all four retrotransposed loci analyzed. An additional insertion of this nucleotide was observed between the reverse transcription of UnaL2 RNA (see below).
The mechanism of generating the 3Ј terminal repeats second and third repeats in three of four loci, and two loci increased their copy number from three to four. In was further examined by using four UnaL2 variants with mutations in one or two units of the [TGTAA] repeat repmut-3, we substituted different nucleotides into the first and second repeats. The substituted nucleotide of (repmut-1, 2, 3, and 4). The efficiencies of all four variants ranged from 25% to 195% of the wild-type level (Figure first repeat was copied in the first and second repeats of retrotransposed copy. In repmut-4, a point mutation 7B, legend) indicating that UnaL2s containing variant repeat(s) exhibit significant retrotransposition. We dewas introduced in the first repeat. The increasing number of repeat units (from three to five) was observed in termined the genomic sequences in the region of the 3Ј tail repeats of the retrotransposed copies of these the retrotransposed copies. It was evident that the sequences of all fifteen retromutants and compared them with the parental repeats as shown in Figure 7B . In the repmut-1 assay, a point transposed loci we analyzed were different from those of parental repeats ( Figures 7A and 7B ). As described mutation was introduced in the second repeat. In three of the four retrotransposed genomic loci examined, the above, several interesting phenomena were observed upon retrotransposition of UnaL2, such as an increase mutated nucleotide was not copied in any of the three of repetition, the movement of the site of an introduced region is highly conserved among several phylogenetically different SINE families, such as human MIR1 and mutation, and generation of an unusual repeated unit. All these changes in the repeats of retrotransposed loci the octopus OR1 SINE (Gilbert and Labuda, 1999; M.K. and N.O., unpublished data). This conserved region is can be explained by the presence of a slippage mechanism of reverse transcription during retrotransposition termed the "core" (Gilbert and Labuda, 1999), and at present the reason for its conservation is unknown. It of UnaL2. Most likely, the repeat on the 5Ј side may be first recognized and copied by RT, followed by slippage is possible that the core region of UnaSINE1 as well as those of other core SINEs may have been maintained such that the synthesized copy reanneals to a different repeat allowing reverse transcription to resume. To and conserved over a long period of evolution due to their advantage for retrotransposition. demonstrate that the slippage reaction occurred during reverse-transcription (not transcription), we amplified
We also showed that the 3Ј tails of LINEs and SINEs that differ from UnaL2 and UnaSINE1 are not recognized the 3Ј ends of the RNAs transcribed from repmut-1 and -2 and determined their sequences (using RLM-3Ј-by the UnaL2 retrotransposition machinery, implying that LINE/SINE partners that have similar 3Ј tails co-RACE). These results confirmed that the repeat sequences of the UnaL2 RNAs that are polyadenylated at evolved with the LINE-encoded RT. To date, we have characterized four different LINE/SINE pairs that are the SV40 poly A signal are identical to those of the vector UnaL2 (data not shown). Figure 7B Here, we clearly demonstrate that the 3Ј tail of UnaL2 is recognized in trans by the enzymatic of L1 RNA. While this mechanism accounts for the fact that L1 remains retrotransposition competent in the machinery of UnaL2, and that the mneol reporter cassette containing only the 3Ј tail sequence is efficiently presence of the overwhelming number of nonfunctional L1s present in human DNA, the exact molecular mecharetrotransposed by this machinery. Furthermore, mneol containing only the 3Ј tail or the entire sequence of nism governing L1 cis-preference has not been established definitively. UnaSINE1 is also mobilized by the UnaL2 retrotransposition machinery in trans. These results represent the excis-preference is also observed for UnaL2 retrotransposition. Interestingly, when mutations are introduced perimental evidence supporting our hypothesis that a LINE and SINE with similar 3Ј ends are each mobilized in the 3Ј tail of UnaL2 that expresses an intact UnaL2 protein in the trans retrotransposition assay, the effiby the same LINE RT.
It should be noted that when the entire sequence of ciency of trans retrotransposition of UnaL2 increases by up to 2-fold over the wild-type level ( Figure 4B ). The UnaSINE1 was used as the test sequence, the trans retrotransposition frequency was 2-fold higher than that same mutations of the 3Ј conserved region dramatically decrease the cis retrotransposition frequency of UnaL2. for the 3Ј tail only. Therefore the 5Ј region (excluding the 3Ј conserved tail) may have properties that enhance Thus, the retrotransposition activity of UnaL2 in trans is enhanced when cis retrotransposition of the UnaL2 UnaSINE1 retrotransposition. This 5Ј region can be divided into two parts: the tRNA-related region, which is limited. One explanation that accounts for this data is that RNA not bound to RT can be translated repeatedly, was shown to originate from a particular tRNA species (Okada and Ohshima, 1995) , and the middle region. It whereas RNA bound to RT moves to the nucleus and is no longer translated. Of course, the precise mechanism is possible that the RNA of tRNA-related SINEs, by forming a tertiary structure similar to that of tRNAs, could remains to be clarified. Our data shows that the UnaL2 retrotransposition mabind to ribosomes and enhance the retrotransposition of SINEs through a cis effect (Okada and Ohshima, 1995;  chinery cannot function efficiently in trans when the RTmutated UnaL2 protein is expressed in cis ( Figure 4A ). see below). Another possibility is that UnaL2 RT has an affinity for the tRNA-like structure of SINEs. Since RTs This result may indicate that while RT-mutated UnaL2 protein can bind to the 3Ј tail of UnaL2 RNA, it may not of retroviruses have a particular affinity for tRNA species that serve as primers for reverse transcription (Barat et be able to complete retrotransposition (by prohibiting access of intact UnaL2 protein in trans). This possibility, al., 1989), this may explain the accessibility of UnaL2 RT to the tRNA-related region of SINEs. Regarding the together with data from Figure 4B , suggests that the 3Ј conserved region of UnaL2 is involved in cis-preference middle region of UnaSINE1, it is noteworthy that this and trans-complementation, probably through binding conserved region becomes available for UnaL2 RT-mediated reverse transcription through the entire 3Ј conto the UnaL2 protein. Further biochemical analysis will enhance our understanding of the trans-complementaserved region as well as the upstream region of the RNA. tion mechanism for SINEs as well as the cis-preference mechanism of LINEs. to be more similar to that of telomerases than to I factor. Further detailed study of the amplification mechanism A Model for Reverse Transcription of UnaL2 RNA of UnaL2 will enhance our understanding of the evoluWe demonstrated that 3Ј repeats of UnaL2 are required tionary relationships between LINEs and telomerases for UnaL2 retrotransposition. We also showed that the as well as the amplification mechanisms of LINEs and 3Ј repeats of retrotransposed UnaL2 are not simply copSINEs. ies of the parent UnaL2 (Figure 7) . These results can be easily explained by a template slippage reaction of
Evolutionary Considerations of LINEs and Telomerases

Experimental Procedures
UnaL2 RNA during reverse transcription, and we propose the following model for this process. First, a UnaL2 (1996) . We determined the entire UnaL2 sequence using genomic DNA walking as described previously (Kajikawa et al., 1997;  which permits template slippage. Without a slippage Ohshima et al., 1996) . A screen of the eel genomic library yielded reaction, we speculate that UnaL2 RT could not reverse- 
